[1] Source parameters of six large earthquakes (7.1 M w 7.7) in the depth range between 112 and 277 km from five different subduction zones are derived from teleseismic body waves recorded by global seismic networks. Except for the 21 October 1995 Mexican event, which is consistent with the model of simple rupture on a planar surface, the investigated earthquakes show complex rupture processes that can be explained by irregularities in the focal region as is the case of shallow events. The inferred velocity of the moment release varies between 2.5 and 4 km/s, corresponding to 40 -90% of the shear velocity at the focus. Four of the six earthquakes show stress drops in the range observed for shallow events (1 -10 MPa). Ruptures extend mainly parallel to the strike of subducting slabs, with dimensions reaching up to 50 km. The extent of rupture perpendicular to slab dip of generally less than $15 km is comparatively small. This suggests that the rupture during large intermediate-depth earthquakes propagates predominantly parallel to the strike of the subducting plate and that the seismogenic zone perpendicular to the dip direction is limited to a narrow width. The relatively small rupture size perpendicular to slab dip suggests that the rupture process does not extend into regions of significantly different temperatures. The spatial extent of the investigated earthquakes is consistent with the orientation of trench-parallel faults that are generally observed in near-trench/outer rise regions, suggesting that these events may result from reactivation of such preexisting faults at intermediate depths through dehydration of hydrous minerals concentrated in these zones of weakness. Depths of most of the earthquakes are consistent with the dehydration embrittlement of serpentine; the Bolivian earthquake of 23 January 1997 seems to be too deep (277 km) for such an explanation.
Introduction
[2] The origin of earthquakes at depths below $100 km is a topic attracting controversal discussions. Radiation patterns of these events are consistent with shear dislocation as a primary mechanism, which is therefore not different from that of shallow earthquakes [Kirby et al., 1996a, and references therein] . However, the rheological and thermal conditions at great depths seem to inhibit the generation of pure shear faulting because of high confining pressures [Frohlich, 1989] . Therefore other physical mechanisms have been proposed to explain these events. For intermediate-depth earthquakes (70 km < h < 300 km) these include the transformation of gabbro/basalt component to eclogite in the crust of the oceanic lithosphere [Hurukawa and Imoto, 1993; Kirby et al., 1996b] , releasing a substantial amount of H 2 O; transformational faulting associated with the decomposition of metastable Al-rich entstatite into the assemblage of Al-poor enstatite plus garnet immediately beneath the basaltic crust of the slab [Kao and Liu, 1995] ; and the breakdown of hydrous mantle minerals (serpentine) in the subducting plate [Frohlich, 1989; Meade and Jeanloz, 1991; Green and Houston, 1995] . Dehydration increases pore pressure which reduces the effective normal stress, eventually causing brittle fracture. This mechanism is known as ''dehydration embrittlement.'' If dehydration occurs along faults originally created at shallow depths, such preexisting faults may be readily reactivated [Kirby, 1995; Kirby et al., 1996b; Silver et al., 1995] . Kirby et al. [1996b] suggest that the reactivation of fossil faults is the primary mechanism for intraslab earthquakes to depths as deep as 350 km.
[3] The models mentioned above imply that seismogenic zones are located both in the crust and the mantle of the subducting plate. Kirby et al. [1996b] suggest that most intermediate-depth earthquakes occur near the top surfaces of slabs and many lie within subducting crust. This is where plates entering trenches are coldest and where hydrous phases are expected to be initially stable to great depths [Peacock, 1993] . Depending on the amount of coupling with the overriding plate, the top side of the subducting slab could be rapidly heated by shear, leading to rapid dehydration in the uppermost part of the slab. Thus the coldest parts of the descending plate may move away from the surface to the lower parts of the oceanic crust and into the upper mantle. Besides shear heating, conductive heating plays a decisive role in metamorphic processes in the crust and uppermost mantle. This is demonstrated by the fact that young, warm slabs have mostly shallow intraslab earthquakes and sparse arc volcanoes due to the cessation of dehydration and eclogite formation at shallow depths, whereas these processes are delayed to great depths in older, colder subducting plates [Kirby et al., 1996b; Peacock and Wang, 1999] .
[4] To constrain the seismogenic process for intermediate-depth earthquakes by seismic methods, several studies have focused on locating these events relative to the crust of the downgoing plate [e.g., ANCORP Working Group, 1999; Bock et al., 2000; Yuan et al., 2000] . This allows determination of whether earthquakes occur in the former oceanic crust or in mantle of subducting lithosphere. No effort has been made to systematically investigate the rupture processes of these earthquakes, as has been done for deep events [e.g., Antolik et al., 1999; Estabrook, 1999; Tibi, 2000] . We make use of the unprecedented opportunity provided by both the improvement of the quality of seismic records in the last 10 years through the installation of the global network of broadband stations and the occurrence of large intermediate-depth earthquakes in different regions of our planet during that time to study their faulting process. The extent and orientation of the rupture in the downgoing lithosphere allow us to constrain geometry and dimension of the seismogenic zone and therefore possible faulting mechanisms. Using data from the Incorporated Research Institutions for Seismology (IRIS), Geoscope, and GeoForschungsNetz (GEOFON) networks of broadband stations, we inferred the rupture processes of six large earthquakes in the depth range of $100 -300 km ( Figure 1 and Table 1 ). The inferred source parameters are discussed in relation to the seismogenic models presented above. As indicated in Figure 1 , events are from subduction zones covering a wide range of thermal parameter È. The thermal parameter È is the product of vertical subduction rate and the age of the downgoing lithosphere. Its value indicates how cold deep slabs are in relation to the surrounding mantle [e.g., Molnar et al., 1979] . Larger thermal parameters correspond to lower slab temperatures at depth, while small values indicate relatively warm temperatures.
Methods
[5] To model the rupture process, we use the body wave inversion method of Nábělek [1984] , with the modification of Estabrook and Bock [1995] for the analysis of deep focus earth-9400 3000 700 1800 2200 11800 [Engdahl et al., 1998 ]. Lines are plate boundaries. Numbers are the subduction zone thermal parameters È in km. Except for the Vanuatu and the Central American subduction zones discussed in text, all È values are from Wiens and Gilbert [1996] . quakes. Only P and SH seismograms from stations in the distance range 30°-95°and 30°-70°are used, respectively. For these distances the effects of strongly varying regional structures and interactions with Earth's core are minimum. In computing theoretical seismograms we use a modified IASP91 velocity model [Kennett and Engdahl, 1991] , with 13 layers above 760 km on the source side, a half-space for receiver structure, and t* values of 0.7 and 2.5 s for P and S waves, respectively. Depending on the complexity of the rupture process, the following source models were investigated: Centr, centroid model; PPS, rupture propagating with constant rupture velocity (propagating point source); 2Sub, two point sources; and 3Sub, three point sources.
[6] Complete Pand SH seismograms including depth phases ( pP, sP, and sS ) but not PP and SS were used to estimate centroid mechanisms and depth. The main emphasis of our study was to derive directivity of rupture and the possible occurrence of several subevents utilizing broadband P waveforms in the inversions for models PPS, 2Sub, and 3Sub. Consequently, we show mainly P waveforms throughout this paper. For all models that were studied, the source-time function was derived. [Engdahl et al., 1998 ]. Dots are shallow earthquakes (h 100 km). Circles with levels of shading at 100-km depth intervals represent intermediate-depth and deep earthquakes. Contours of seismicity drawn at 100-km depth intervals are from Gudmundsson and Sambridge [1998] . Open and solid circles in the centroid solution depict the locations of subevents S2 and S3 of model 3Sub (Table 2) , respectively, relative to subevent S1 of the same model (star in the center of the projection). Square indicates the location of the termination point. The top right inset depicts the distribution of the 25 stations used in the body wave inversion.
[7] Whenever possible, an attempt was made to pick the termination of the P wave displacement relative to the P wave onset. The termination of the P wave pulse is related to the rupture termination of the earthquake process. This termination point was located relative to the initiation point of rupture marked by the first P wave onset using a master event technique. The picking of the termination of the P wave motion was done in the same way as described in greater detail by Tibi et al. [1999] . In section 3 the various steps of data analysis are described for the example of the 1997 Fiji-Tonga event. In sections 4, 5, 6, and 7, results of events from other subduction zones are presented without detailing the data analysis.
Data Analysis: The 1997 Fiji-Tonga Event
[8] The epicenter of the 14 October 1997 Fiji-Tonga earthquake (M w 7.7; depth 167 km) is located in the central part of the FijiTonga subduction zone. The seismicity in this region marks the descent of the Pacific plate beneath the Indo-Australian plate (Figure 2 ). The intermediate-depth seismic zone strikes parallel to the Tonga trench and dips to the west. Between 300 and 450 km depth the dip direction changes in the northern region of the suduction zone. At its northern end a high contortion of the deep (500 -700 km) seismogenic zone leads to a westerly striking Wadati-Benioff zone.
Termination of Rupture
[9] Figure 3 shows examples of vertical-component displacement seismograms, with symbols indicating different coherent phases. Estimated termination points are marked by dots. The P wave group in the NNE azimuth has an apparent duration of $17.5 s, whereas the duration in the SW azimuth is longer, $25.8 s. Intermediate values are observed at stations to the SE and NW. Results of master event technique indicate that the rupture lasted 21 s and terminated at $49 km NNE (azimuth of 24°) of the nucleation point. The depth difference between nucleation and termination point of the rupture is estimated to be $1 km. The seismic moment was released with an average velocity of $2 km/s. A NNE directivity is also indicated by other phases of the rupture process. Shaded triangles in Figure 3 mark the onset of the second rupture episode of our source model 3Sub (Table 2 ). The time differences between the second rupture episode and the first breaks show an azimuthal dependence consistent with a directivity toward NNE.
Body Wave Inversion
[10] For the P wave inversion, recordings from 24 stations were used (Figure 2 ). The stations allow good azimuthal coverage with an $70°gap in the southeast. In addition to the P seismograms, seven SH wave trains were inverted. The latter included data from stations CMB and PFO, both at a distance of 80°, that significantly improved the azimuthal distribution of SH observations. These stations were downweighted, since for this distance and the inferred rupture duration of $21 s the direct S wave is expected to interfere with ScS. Inversions with and without CMB and PFO, however, gave virtually the same results. Waveform fits at selected stations (Figure 4 ) illustrate the quality of the various models. The inversion results are summarized in Table 2 .
[11] The centroid solution ( Figure 2 and Table 2 ) shows a normal faulting mechanism. Its P axis is parallel to the dip of the downgoing Pacific plate, in agreement with results from many previous studies [e.g., Giardini and Woodhouse, 1986] . The centroid is located at a distance of $30 km and 15°azimuth from the nucleation point, indicating a directivity toward NNE. The centroid depth is 169 km, and the seismic moment is 4.0 Â 10 20 N m. The focal mechanism is in agreement with the Harvard centroid moment tensor (CMT) solution (strike of 16°; dip of 81°, and rake of À105°) [Dziewonski et al., 1998 ]. The centroid model can explain the P waveforms at most stations. However, the fits at station HKT and other stations in that azimuth are poor, particularly at times greater than $10 s from the first break. Also, the synthetic waveforms show slightly broader (narrower) P wave pulses compared to the observations at stations COLA and TAU located in northeasterly and southwesterly azimuths, respectively (Figure 4) .
[12] On the basis of evidence of horizontal directivity from visual inspection of waveforms (Figure 3 ) and the results of the master event analysis, we investigated the model of a propagating point source (PPS). Value of 3 ± 1 km/s and 30 ± 30°are inferred for the rupture velocity and azimuth, respectively, which is in reasonable agreement with the values estimated with the master event method. Compared to the centroid model, PPS reduces the Azimuth (deg) Figure 3 . Examples of vertical P waveforms for the 1997 FijiTonga event. The displacement seismograms are aligned on the first breaks at zero time and sorted by azimuth. Shaded triangles mark the onset of the second rupture episode S2 of model 3Sub (Table 2) . Solid triangles and squares mark the centroids of subevents S2 and S3, respectively. The estimated termination points of the rupture are indicated with dots.
variance by $11% (Table 2) . This model explains the data of station COLA and TAU but not yet those of HKT (Figure 4 ).
[13] The coherent pulses in the waveforms shown in Figure 3 are indicative of a complex rupture process. Therefore models with several point sources were considered. Model 2Sub consists of two point sources S1 and S2, but it does not notably improve the variance (Table 2 ) and fits to the waveforms (Figure 4 ) compared to PPS.
[14] Model 3Sub differs from 2Sub in the point that subevent S2 of 2Sub is subdivided into two shocks, so that 3Sub consists of three point sources. Compared to Centr and 2Sub, model 3Sub provides a variance reduction of 25% and 15%, respectively (Table 2) , and leads to good fits to the observations at all stations in Figure 4 . Hence 3Sub qualifies as our favored source model for the Fiji-Tonga earthquake of 14 October 1997.
[15] Waveforms from stations at northeasterly to southeasterly azimuths, namely, CMB, PFO, ANMO, HKT, PLCA, and PMSA, were particularly poorly matched by the models Centr, PPS, and 2Sub. For the centroid mechanism these stations are near-nodal. With model 3Sub the pulse associated with subevent S3 is matched at these stations (Figure 4 ) because of a slight change in focal mechanism of S3 (Table 2) . .3 a For models 2Sub and 3Sub the parameters of the best double-couple obtained after moment tensor summation and decomposition are shown in the rows marked Sum. Focal depth is the average of subevents weighted by moment. Fault plane convention follows Aki and Richards [1980] . Delay is the onset time of subevents relative to the first P onset. Dist is horizontal distance, and Az is azimuth from north, relative to the epicenter. Centr is the centroid model; PPS is a model of propagating rupture. Rupture velocity and direction for this model are 3 km/s and 30°for the 1997 Fiji-Tonga earthquake; 4 km/s, 330°f or the 1992 Vanuatu; 2.5 km/s, 140°for the 1997 Peru; 3.5 km/s, 335°for the 1997 Bolivia; 2.5 km/s, 110°for the 1995 Mexico, and 3 km/s, 90°for the 1995 Banda Sea events.; 2Sub consists of two and 3Sub of three point sources.
[16] The complete broadband data set used in the inversion is shown in Figure 5 , together with synthetics for source model 3Sub. The locations of the subevents and the source-time function for rupture model 3Sub are shown in Figure 6 . The first subevent S1 lasted 10 s and was followed by the second (S2) and third shock (S3) $5 s and $14 s later, respectively. S2 and S3 lasted 13 and 9 s, respectively. Relative to S1, the centroids of S2 and S3 were located at a distance of 18 km and 22°azimuth and 32 km and 28°, respectively. The moments released by subevents S1, S2, and S3 (Table 2) [17] Assumimg that rupture proceeds beyond the centroid location of the last subevent S3 by (t/2)v r , where t is the duration of S3 and v r is the average rupture velocity, a rupture length of 45 km is implied, which is in reasonable agreement with the value of $50 km estimated by locating the termination point. Rupture propagated toward NNE. Thus directivity and dislocation vector point toward different directions. The amount of vertical directivity is determined by the depth of the subevent S3 relative to S1 and is $15 km. Figure 6a shows that rupture propagated mainly parallel to the deep seismic zone. The vertical cross section perpendicular to the strike of the Wadati-Benioff zone (Figure 6a, bottom) suggests that the earthquake initiated at the upper boundary of the Wadati-Benioff zone. The summation of the moment tensors of the three subevents yields a pure double-couple mechanism (strike of 15°; dip of 73°, and rake of À90°), which agrees well with the Harvard CMT solution. The centroid locations of subevents S2 and S3 seem to favor the near-vertical nodal plane as fault plane (Figure 2 ). The estimated vertical directivity of 15 km along this plane and the location of the rupture termination point relative to the hypocenter imply a rupture area of $50 km Â 25 km.
Assuming a rigidity m of 69 GPa, appropriate for a depth of 171 km, and using the relations D = M 0 /mS [Aki, 1966] , Ás % 2mD/W for a rectangular fault model [Brüstle and Müller, 1987] , where M 0 is the seismic moment, S is the fault area, and W is the fault width, the average fault slip D and the static stress drop Ás are estimated to be 6 m and 34 MPa, respectively.
[18] The fixed points of the rupture process are located approximately on a line in the NNE direction, so that the projection of these points on the vertical cross section, perpendicular to the strike of the slab (Figure 6a , bottom), does not yield a notable horizontal extent. The vertical directivity of 15 km suggests a width a ? perpendicular to the dip direction of the slab (dip angle % 30°) of $13 km, which is almost twice as large as the average thickness of oceanic crust. This indicates that if the source process had initiated in the former crust of the suducting Pacific plate, the rupture might have penetrated into the upper mantle.
The 1992 Vanuatu Event
[19] The 11 October 1992 earthquake (M w 7.4; depth 129 km) occurred in the Vanuatu subduction zone (Figure 7 ), where the Indo-Australian plate descends beneath the young lithosphere of the North Fiji Basin, generated in 4 Ma [Hamburger and Isacks, 1987] . The intermediate-depth seismic zone in the Vanuatu subduction zone strikes parallel to the Vanuatu trench and is related to the present-day active subduction. Jarrard [1986] estimates the age of the Indo-Australian plate and its convergence rate at the Vanuatu trench to be 52 Ma and 8.8 cm/yr, respectively. Jarrard postulates a dip angle of 44°for the intermediate-depth part of the slab. These values imply a thermal parameter of $3000 km. The inferred value of thermal parameter suggests that the Vanuatu subduction zone is relatively warm. Figure 5 . Fit of the observed (solid line) (a) P and (b) SH waves to synthetic (dashed line) seismograms for the favored source model 3Sub of the 1997 Fiji-Tonga event at the stations used in the body wave inversion. Station codes, epicentral distance, and azimuth from north in degrees are indicated. Seismograms have been deconvolved to ground displacement, resampled to five sample per second, and high-pass filtered at 100 s with a three-pole causal Butterworth filter. The length of the inversion window is indicated by the dot. Note that PcP and ScS phases are not modeled.
[20] Examples of displacement P waveforms and synthetics for the preferred source model 2Sub (Table 2) are depicted in Figure 8 . The two separated pulses seen at most stations can be related to the two subevents of source model 2Sub. The results for other source models are given in Table 2 . Phases marked by asterisks in Figure 8 could not be explained by the source process. Because these phases arise around the end of the direct P wave group, we were not able to measure the apparent rupture durations reliably, and hence the termination point of the rupture could not be located.
[21] The favored source model 2Sub provides a variance reduction of 40% over the centroid model (Table 2 ). The subevent locations and the source-time function are shown in Figure 6 . (a) (top left) Map and vertical cross section (bottom) perpendicular and (top right) parallel to the strike of the Wadati-Benioff zone showing the locations of subevents S1, S2, and S3 of the preferred source model 3Sub (Table 2 ) of the 1997 Fiji-Tonga event. Cross indicates the centroid location of model Centr (Table 2) , and the square indicates the termination point inferred from the master event analysis. The dashed line represents the 200-km depth contour of the seismogenic zone [Gudmundsson and Sambridge, 1998 ]. Focal mechanisms are lower hemisphere projections of the focal spheres whose areas are proportional to the seismic moment of the subevent. Solid and open areas are compressional and tensional, respectively. The vertical cross sections show the seismicity in the epicentral region of the 1997 Fiji-Tonga event [Engdahl et al., 1998 ]. Lines in the vertical cross section (bottom) indicate estimated boundaries of the Wadati-Benioff zone. (b) Source-time function for subevents S1, S2, and S3 and the whole rupture process (thick line) of the 1997 Fiji-Tonga event.
Figure 9. The first rupture episode S1 lasted 13 s and released a seismic moment of 0.7 Â 10 20 N m. About 8 s after rupture initiation, the second subevent S2 lasted 8 s and released a moment of 0.9 Â 10 20 N m. S2 was located at a distance of 21 km and 337°azimuth to nucleation point ( Table 2 ). The depth difference between S1 and S2 is $8 km. During the whole rupture process ($16 s) a seismic moment of 1.6 Â 10 20 N m was released, which is in agreement with the value of 1.5 Â 10 20 indicated by Harvard.
[22] Rupture propagated unilaterally to the northwest, parallel to the strike of the Wadati-Benioff zone. Assuming that rupture proceeds beyond the centroid location of S2 by (t/2)v r , where t is the duration of S2 and v r is the average rupture velocity, a rupture length of $35 km is inferred. The located fixed points of the rupture do span a line but not an area. Assuming a 20-km width, a rupture area of 700 km 2 is implied. For this area and a rigidity of 68 GPa, appropriate for a depth of 120 km, the average dislocation and static stress drop are estimated to be 3 m and 23 MPa, respectively; however, as a result of uncertainties in rupture extent and width, these values are not well constrained.
[23] Subevents S1 and S2 have different double-couple mechanisms. Moment tensor summation of their mechanisms yields a best double-couple (strike od 300°; dip od 41°, and rake of 29°) and a significant compensated linear vector dipole (CLVD) component of 20% (e ' 0.10, Table 3 ), demonstrating that the CLVD component of the Harvard CMT solution [Dziewonski et al., 1993] can be explained by superposition of subevents having different double-couple mechanisms. This suggests that faulting occurred [Engdahl et al., 1998 ]. Dots are shallow earthquakes (h 100 km). Circles represent intermediate-depth and deep earthquakes. Small stars indicate earthquakes of the ''Vityaz Group'' [Okal and Kirby, 1998 ]. Contours of seismicity drawn at 100 km depth intervals are from Gudmundsson and Sambridge [1998] . The dashed line represents approximately the Vityaz trench. Circle in the centroid solution depicts the location of subevent S2 of model 2Sub (Table 2) relative to subevent S1 of the same model (star in the center of the projection). The top right inset depicts the distribution of the 18 stations used in the body wave inversion.
either along a curved fault plane, or on several planes with different orientations.
[24] The projection of the located fixed points of the rupture on the vertical cross section perpendicular to slab strike does not yield a notable horizontal extent. The vertical directivity of 8 km corresponds to a width a ? perpendicular to the dip direction of the Indo-Australian plate (dip angle % 40°) of $6 km.
South American Events
[25] The seismicity in South America is a consequence of the convergence between the subducting Nazca plate and the overriding South American plate. Most intraplate events are located in the depth range between 100 and 350 km. The central Andes are characterized by a zone of particularly high seismicity between 16°S and 24°S ( Figure 10 ). Earthquakes with focal depths >350 km occur along a narrow band parallel to the PeruChile trench. Between $325 and 525 km depth, no events have been observed [Cahill and Isacks, 1992; Kirby et al., 1995] , but results of seismic tomography show a high-velocity anomaly even in the aseismic zone, suggesting that the slab is continuous. The downgoing Nazca plate is one of the youngest (41 -45 Ma) and therefore warmest lithospheric plates [e.g., Kirby et al., 1991; Wiens and Gilbert, 1996] .
However, Engebretson and Kirby [1992] suggest that the shallow and deep Nazca plate might be discontinuous in age and that the deep part is possibly 140 Ma old, and consequently colder. In sections 5.1 and 5.2 the rupture processes of the 28 October 1997 Peru earthquake (M w 7.2; depth 112 km) and the Bolivia event of 23 January 1997 (M w 7.1; depth 276 km) are investigated.
The 1997 Peru Earthquake
[26] The 28 October 1997 event occurred beneath northern Peru in a region of well-known seismicity (Figure 10 ). The Harvard CMT solution for this earthquake [Dziewonski et al., 1998 ] and our centroid solution show a pure normal faulting mechanism. The near-horizontal T axis trends NE-SW, close to the shallow dip of the subducting Nazca plate.
[27] The inversion results summarized in Table 2 are based on 22 P and 8 SH seismograms. The azimuthal distribution of stations used is good (Figure 10) . The preferred source model 2Sub (Table 2) consists of two point sources. Theoretical waveforms calculated for this model are compared with observed seismograms in Figure 11b . The epicentral area is shown in Figure 12 together with the source-time function. During the total duration of $14 s the rupture propagated over a distance of 30 km toward the SE, with an average velocity of $2 km/s. This follows The displacement seismograms are aligned along the P onset at zero time and sorted by azimuth. Solid and shaded triangles mark the centroids of the rupture episodes S1 and S2 of model 2Sub (Table 2) , respectively, where they can be unambiguously seen in the seismograms. (b) Fit of the observed (solid line) to synthetic (dashed line) broadband P waveforms for our favored source model (2Sub) of the 1992 Vanuatu event at the stations used in the body wave inversion. Phases indicated by asterisks could not be explained by the source process. [Engdahl et al., 1998 ]. Contours of seismicity drawn at 100-km depth intervals are from Gudmundsson and Sambridge [1998] . Circles in the centroid solutions depict the locations of subevent S2 of model 2Sub for the Peru and Bolivia events (Table 2) , relative to subevent S1 of the same model (star in the center of the projections). Squares indicate the location of the termination points as estimated by the master event analysis. Insets depict the distribution of stations used in the body wave inversion for the Peru and Bolivia events, respectively. from the location of the rupture termination point. Rupture terminated $4 km deeper than the initiation point. During the event a seismic moment of 6.6 Â 10 19 N m (Table 2 ) was released. In general, rupture propagated predominantly parallel to the deep seismic zone. Assuming that rupture continues beyond the centroid location of the main rupture episode S2 by (t/2)v r , with t and v r being the duration of S2 and the average rupture velocity, respectively, a rupture area of 30 km N-S and 20 km E-W is deduced (Figure 12a ). The inferred N-S rupture extent is consistent with the location of the rupture termination point. The locations of subevent S2 and the termination point of the rupture relative to subevent S1 depicted in the centroid solution (Figure 10 ) suggest that the northeast dipping nodal plane is probably the one that ruptured. Rupture propagated toward the B axis of the centroid mechanism. Thus directivity and slip vector are not parallel.
The 1997 Bolivia Earthquake
[28] The hypocenter of the 23 January 1997 event beneath southern Bolivia (Figure 10 ) was located at 276 km depth near the top end of the aseismic zone, which extends to a depth of $525 km. For the body wave inversion we used recordings of 24 P and 6 SH waves from stations well distributed in azimuth (Figure 10 ). Inversion results for each source model are summarized in Table 2 . P waveforms (Figure 13a ) suggest that rupture propagated to the NW. Results of the master event analysis indicate a duration of $12 s and propagation toward NW over a distance of $38 km. Initiation and termination point are located at the same depth. The inferred rupture duration and extent correspond to a rupture velocity of $3 km/s.
[29] P waveforms in Figure 13b are well explained by the favored model 2Sub, consisting of two point sources. The locations of subevents S1 and S2 and the source-time function are shown in Figure 14 . This earthquake started with a very weak moment release of 2-s duration followed by the first rupture episode S1 with an 8-s duration and a seismic moment release of 3 Â 10 19 N m. About 6 s after rupture initiation the onset of subevent S2 is observed, which was located at a distance of 25 km and 331°azimuth relative to the nucleation point. S2 lasted 8 s and released approximately the same amount of energy (M 0 = 2.8 Â 10
19 N m) as subevent S1. This is in agreement with the centroid location approximately half the distance between S1 and S2. The moments released by S1 and S2 add up to 5.8 Â 10
19 N m, corresponding to the value reported by Harvard. The event initiated at the upper boundary of the WadatiBenioff zone and rupture propagated subhorizontally along the top end of the aseimic zone (Figure 14a, bottom) . The located fixed points of the rupture process define a line, whose length is determined by the termination point located at $38 km. This rupture length agrees well with that inferred by assuming that rupture continues beyond the location of subevent S2 by (t/2)v r , where t is the duration of S2 and v r is the rupture velocity. An assumed fault width of 20 km would therefore correspond to a fault area of 760 km 2 . The moment tensor summation of the similar focal mechanisms of S1 and S2 yields a pure double-couple mechanism (strike of 171°, dip of 86°, and rake of 75°). The locations of subevent S2 and the termination point of the rupture relative to subevent S1 depicted in the centroid solution (Figure 10 ) do not allow an unequivocal identification of the fault plane.
[30] Projecting the fixed points of the rupture process on a vertical cross section perpendicular to the strike of the deep seismic zone yields a horizontal extent of $22 km (Figure 14a, bottom) . This corresponds to a width a ? of $8 km perpendicular to the dip direction of the Nazca plate which descends with an angle of $20°.
The 1995 Mexico Event
[31] On 21 October 1995 a large earthquake of M w = 7.2 occurred at a depth of 159 km beneath the south Mexican province of Chiapas. The seismicity in this region marks the descent of the Cocos plate beneath the North American plate (Figure 15 ). The Chiapas region is characterized by both large shallow (interplate) and intermediate (intraslab) depth earthquakes [Astiz et al., 1988] . Continuous seismic recording indicates that the October 1995 event did not generate aftershocks within 2 months after the main shock [Rebollar et al., 1999] . In the Chiapas region the subduction rate of the Cocos plate is $7 cm/yr [DeMets et al., 1994] , its age at the Middle America trench $16 Ma and the subduction angle 40° [ Kostoglodov and Bandy, 1995; Rebollar et al., 1999] . These values correspond to a thermal parameter of $700 km, suggesting that the Cocos plate is relatively warm. This, in turn, explains the absence of seismicity in the Chiapas region below $200 km depth.
[32] Rebollar et al. [1999] recorded this event using accelerographs and seismometers located at hypocentral distances between 174 and 256 km. From the inversion of teleseismic P seismograms they inferred a rupture duration of 20 s. They suggest that rupture propagated from the NW to the SE over a distance of 30 km. From spectral analysis they deduced a seismic moment of 5.2 Â 10 19 N m.
[33] The pulse shapes in Figure 16 indicate a simple rupture process. The pulse duration shows an azimuthal variation consistent with a rupture propagation to the SE. Results of the master event analysis suggest that the source process lasted $17 s and rupture propagated toward SE over a distance of 29 km. Thus the seismic moment was released with an average velocity of $2 km/s. The estimated rupture duration is $3 s shorter than that indicated by Rebollar et al. [1999] .
[34] For the body wave inversion we used 20 P and 7 SH seismograms from azimuthally well distributed stations (Figure 15) . The results are summarized in Table 2 . The centroid mechanism ( Figure 15 and Table 2 ) corresponds to a thrust faulting with a small strike-slip component, the T axis being oriented parallel to the dip direction of the Cocos plate. The centroid is located at a distance of 19 km and 109°azimuth relative to the nucleation point. The centroid depth and the seismic moment are 165 km and 6.4 Â 10 19 N m, respectively. P waveforms calculated for the favored source model PPS (Table 2) are depicted in Figure 16b together with the observations. The agreement of the waveforms with synthetics is good. PPS consists of a point source propagating in N110°E direction with a constant velocity of 2.5 km/s. The locations of the fixed points of the rupture are represented in Figure 17 together with the source-time function. The rupture started with a very weak slip of 1-s duration followed by the main episode, which propagated initially to the SE. In the later stage, rupture propagated more to the south, which follows from the location of the rupture termination point. After the weak initiation phase the moment release increases gradually to the maximum at 9 s before decreasing slowly. The resulting, relatively simple and triangle-shaped source-time function (Figure 17b by Rebollar et al. [1999] and Harvard, respectively. The vertical cross section in Figure 17a suggests that the event initiated in the middle of the Wadati-Benioff zone. The minimum E-W rupture extent follows from the centroid location (Figure 17a ) and implies a rupture area of at least 30 km Â 20 km, which is in good agreement with the area of 30 km Â 10 km determined by Rebollar et al. [1999] . Assuming a rigidity of 69 MPa, the average slip on the inferred fault area is estimated as 1.5 m. The value of 10 MPa for the static stress drop is not significantly different from the 6.5 MPa calculated by Rebollar et al. [1999] for the model of rupture on a circular fault. The location of the termination point of the rupture relative to its nucleation point depicted in the centroid solution ( Figure 15 ) does not allow for the rupture plane to be unambiguously identified. Rebollar et al. [1999] suggested that rupture occurred along the near-vertical nodal plane.
[35] The projection of the fixed points of the source process on the vertical cross section perpendicular to the strike of the WadatiBenoiff zone yields an extent of $15 km from the nucleation to the termination point of rupture (Figure 17a, bottom) . This corresponds to a width a ? perpendicular to the dip direction of the slab (dip angle % 30°) of $8 km.
The 1995 Banda Sea Event
[36] The seismicity in the Banda Sea region is caused by the convergence between the Indo-Australian and Eurasian plates (Figure 18 ). The tectonics of this region have been discussed in detail by Cardwell and Isacks [1978] , Tinker et al. [1998] , and Tibi et al. [1999] . The eastern end of the Indo-Australian plate, where its strike changes from E-W to N-S, is characterized by high seismicity in the depth range between $100 and 200 km. The 25 December 1995 earthquake occurred in this area at 140 km depth (Figure 18 ) where the Wadati-Benioff zone is strongly contorted. Simplified models of the WBZ morphology as approximated by Gudmundsson and Sambridge [1998] do not satisfactory match the actual pattern of seismicity in the area [Engdahl et al., 1998 ].
[37] Symbols shown in Figure 19a mark different coherent phases. The time differences between the centroid of the main rupture episode (solid triangles) and the rupture initiation show an azimuthal variation which is consistent with a rupture propagation toward the east. The rupture termination point could not be located.
[38] Stations used in the body wave inversion are well distributed in azimuth over three quadrants (Figure 18 ), whereas no observations are available in an ENE sector of $80°arc length. The centroid mechanism ( Figure 18 and Table 2 ) agrees well with the Harvard CMT solution . It is located $26 km east of the nucleation point. Centroid depth and the seismic moment are 146 km and 5.3 Â 10 19 N m, respectively.
[39] The source-time function of the centroid solution has two peaks, suggesting that the source process can be modeled by two Figure 11 . (a) Examples of P waveforms for the 1997 Peru event. The displacement seismograms are aligned along the P onset at zero time and sorted by azimuth. Shaded triangles mark the onset of the main rupture episode S2 (Table 2) , and solid triangles mark its centroid. The estimated termination points of the rupture are indicated with dots.
(b) Fit of the observed (solid line) to synthetic (dashed line) broadband P waveforms for our favored source model (2Sub) of the 1997 Peru event at the stations used in the body wave inversion.
point sources. Model 2Sub (Table 2 ) provides a satisfactory fit between observed and synthetic waveforms (Figure 19b ). Subevent locations and source-time function are shown in Figures 20a  and 20b , respectively. The rupture process started with a weak slip of 1-s duration followed by the the first shock, which lasted 6 s and released a seismic moment of 1.1 Â 10 19 N m. The main rupture episode S2 which initiated 5 s after the origin time lasted 9 s and released 4.2 Â 10 19 N m. S2 is located 25 km and at 89°azimuth relative to the nucleation point, suggesting that the deep seismic zone ruptured at an angle of about 40° (Figure 20a ). The total moment release is inferred to be 5.3 Â 10 19 N m, which is $10% higher than the value indicated by Harvard. While seismicity does not reveal a clear slab-like geometry of the Wadati-Benioff zone ( Figure  20a, bottom) , we note that the Banda Sea earthquake occurred in an area of known seismicity. On the basis of model PPS (Table 2 ) the E-W rupture extent is estimated to be $40 km for the best fitting rupture velocity of 3 km/s and a duration of 13 s. A similar rupture length is obtained by assuming that rupture proceeds east of subevent S2 by a distance d = (t/2)v r , where t is the duration of S2 and v r is the average rupture velocity. Assuming a N-S extent of 20 km implies a fault area of 800 km 2 . For a rigidity of 68 MPa these values correspond to an average slip and a static stress drop of 1 m and 7 MPa, respectively. The locations of subevents S1 and S2 depicted in the centroid solution (Figure 18 ) suggest that rupture proceeded along the E-W striking nodal plane.
[40] The projection of the estimated rupture length of 40 km on the vertical cross section perpendicular to the strike of the WadatiBenioff zone implies a horizontal extent of $26 km. This value Figure 12 . (a) (top left) Map and (bottom) vertical cross section perpendicular and (top right) parallel to the strike of the Wadati-Benioff zone showing the locations of subevents S1 and S2 of the preferred source model 2Sub (Table 2) of the 1997 Peru event. Cross indicates the centroid location of model Centr (Table 2) . Triangle is the Harvard CMT centroid location. Square is the location of the rupture termination point. Shaded rectangle is the inferred rupture area. The seismicity in the vertical cross sections represents earthquakes in the latitude range between 2°S and 6°S [Engdahl et al., 1998 ]. (b) Source-time function for the 1997 Peru event.
corresponds to a width a ? perpendicular to the dip direction of the Indo-Australian plate (dip angle % 30°) of 13 km.
Discussion

Rupture Complexity
[41] Except for the 1995 Mexican event which is consistent with the model of simple rupture on a planar surface, the investigated intermediate-depth earthquakes show complex rupture processes that can be explained by irregularities (asperities or barriers) in the focal region as is the case of shallow events. Some events like the 1992 Vanuatu earthquake consist of subevents having different double-couple mechanisms, producing significant CLVD components in the moment tensor of centroid point-source solutions.
[42] The 1997 Bolivian, 1995 Mexican, and 1995 Banda Sea earthquakes all started with a weak slip of 1 -2 s duration followed by an abrupt transition to greater moment release. The physical meaning of the weak initiation phase for the rupture mechanism is not fully understood. One possibility is a triggering of these events by a specific mechanism, while the rupture process in the neighborhood is controlled by another mechanism. Kanamori et al. [1998] proposed a similar model for deep earthquakes.
Rupture Velocity and Stress Drop
[43] The inferred source parameters for the intermediate-depth events investigated are summarized in Table 4 . The average rupture velocities vary between 2.5 and 4 km/s and are all lower than the shear velocity at the focus. An extremely low velocity of moment release as found for some large deep earthquakes [e.g., Estabrook, 1999] was not observed.
[44] While the rupture lengths for most of the earthquakes studied were determined with good accuracy, the fault widths are poorly constrained. Therefore the values of quantities related to the rupture extent like average dislocation and static stress drop are associated with large uncertainties. In Table 4 they are in parentheses if assumptions of the fault width are made. Except for the 1997 Fiji-Tonga and the 1992 Vanuatu events, which show relatively high values, the static stress drops are similar to those observed for shallow earthquakes (1 -10 MPa).
Seismogenic Process
[45] Dehydration increases pore pressure which reduces the effective normal stress, eventually causing brittle fracture. This mechanism known as dehydration embrittlement has been proposed as a model for intermediate-depth earthquakes between 100 and 300 km depth [Frohlich, 1989; Green and Houston, 1995] . In the crust of downgoing oceanic lithosphere blueschist transforms to eclogite releasing a substantial amount of H 2 O [Hurukawa and Imoto, 1993; Kirby et al., 1996b] . Also, once its stability field is passed, serpentine dehydrates in the upper mantle of subducting plate [Frohlich, 1989; Meade and Jeanloz, 1991; Green and Houston, 1995] . Since breakdown of hydrous phases takes place in the crust and in the upper mantle of subducting oceanic lithosphere, dehydration embrittlement predicts earthquake locations both in the crust and upper mantle of the downgoing plate.
[46] For the investigated events the rupture dimensions parallel to the strike a || and perpendicular to the dip direction of the subducting plate a ? are reported in Table 4 . While a || takes values of 25 -50 km, a ? of generally less than $15 km is comparatively small. This suggests that rupture during large intermediate-depth earthquakes propagates predominantly parallel to the strike of the subducting plate and that the seismogenic zone perpendicular to the dip direction is limited to a narrow width. The relatively small rupture size perpendicular to the slab dip suggests that the rupture process does not extend into regions of significantly different temperatures. The spatial extent of the earthquakes investigated is consistent with the orientation of trench-parallel faults generally observed in near-trench/outer rise regions of subduction zones [e.g., Masson, 1991] . These events may result from reactivation of such preexisting faults at intermediate depths through dehydration of hydrous minerals concentrated in these zones of weakness, as proposed by Kirby et al. [1996b] and confirmed in recent studies [Jiao et al., 2000 , Peacock, 2001 ].
[47] On the basis of this study alone, it is not possible to judge whether the rupture process occurred in the former oceanic crust or mantle of subducting oceanic lithosphere. To clarify this aspect, an investigation of the seismic structure of the concerned subduction zone is necessary, which would allow one to distinguish between crust and mantle of the downgoing plate. With knowledge of a ? , we are able to judge if from a purely kinematic point of view, the entire rupture process could have occurred in the oceanic crust. This appears unlikely for the 1995 Banda Sea and the 1997 FijiTonga events, both with a ? = 13 km, almost twice as large as the average thickness of oceanic crust. This indicates that if the source processes had initiated in the former oceanic crust, the rupture might have penetrated into the upper mantle. Rupture might have initiated in the former crust by dehydration processes associated with the transformation of blueschist to eclogite. This model, however, appears unrealistic for the focal depth of $170 km for the 1997 Fiji-Tonga earthquake, since blueschist may be completely transformed at shallower depths [Gubbins et al., 1994] . Alternatively, the entire rupture processes might have occurred in the upper mantle, and the events could thus be associated with dehydration of hydrous minerals in oceanic mantle. (Table 2) of the 1997 Bolivia event. Cross indicates the centroid location of model Centr (Table 2) . Square is the location of the rupture termination estimated by the master event analysis. Dashed line represents the 300-km depth contour of the seismogenic zone [Gudmundsson and Sambridge, 1998 ]. The seismicity in the vertical cross sections represents earthquakes in the latitude range between 20°S and 24°S [Engdahl et al., 1998] [Engdahl et al., 1998 ]. Contours of seismicity drawn at 100-km depth intervals are from Gudmundsson and Sambridge [1998] . Square in the centroid solution indicates the location of the termination point relative to the nucleation point (star in the center of the projection). The top left inset depicts the distribution of the 25 stations used in the body wave inversion. [48] Even if a ? is consistent with the thickness of oceanic crust, thermal conditions in the subduction zone would make a rupture process within the crust unlikely at greater depths. Despite an a ? value of 8 km which agrees well with the average thickness of oceanic crust, we would therefore favor the breakdown of relatively stable hydrous minerals in the mantle as explanation of the 21 October 1995 Chiapas (Mexico) event, since for a relatively warm subduction zone like beneath Mexico (È = 700 km), blueschist is unlikely to persist down to 160 km depth. The background seismicity located mostly above this event ( Figure  17a , bottom) seems to support that model. This may be also valid for the 1992 Vanuatu earthquake at 130 km depth in the IndoAustralian plate (È = 3000 km). For the 1997 Bolivian earthquake, a ? = 8 km is also similar to the average thickness of oceanic crust. However, a persistence of blueschist at $280 km depth can be ruled out. Yuan et al. [2000] suggest that beneath the central Andes gabbro is completely converted to eclogite at 120 km depth, supporting the thesis that the rupture might have occurred in oceanic mantle. Dehydration of the mantle mineral serpentine is strongly temperature-and pressure-dependent [e.g., Ulmer and Trommsdorff, 1995] . It is unclear if brittle rupture associated with dehydration could explain this event, since this would require extremely low temperatures, otherwise serpentine could not be transported down to that depth. Experimental studies show that for temperatures under 600°C, serpentine dehydration could be kinetically delayed to that depth due to the low nucleation/growth rates of phase A [Ulmer and Trommsdorff, 1995; Schmidt and Poli, 1998 ]. This model, however, is unrealistic for the warm South American subduction zone. At the depth of $280 km the Nazca plate may be completely dehydrated. Hence the aseismic zone begins there (Figure 14a, bottom) , and the very deep earthquakes (depths below 500 km) may be caused by different mechanisms. [Engdahl et al., 1998 ]. Contours of seismicity drawn at 100-km depth intervals are from Gudmundsson and Sambridge [1998] . Circle in the centroid solution depicts the location of the subevent S2 of model 2Sub (Table 2) relative to subevent S1 of the same model (star in the center of the projection). The bottom right inset depicts the distribution of the 23 stations used in the body wave inversion. Figure 19 . (a) Examples of P waveforms for the 1995 Banda Sea event. Shaded and solid triangles mark the centroids of subevents S1 and S2 of model 2Sub (Table 2) , respectively. (b) Fit of the observed (solid line) to synthetic (dashed line) broadband P waveforms for our favored source model (2Sub) of the 1995 Banda Sea event at the stations used in the body wave inversion.
[49] Both the earthquake of 21 October 1995 and the intermediate-depth events beneath the Chiapas region [Astiz et al., 1988] did not generate aftershocks. Therefore Rebollar et al. [1999] suggest that this phenomenon seems to be a characteristic of intermediate-depth earthquakes of the subducted slab under the Chiapas region. The dependence of the aftershock productivity on slab temperature observed for deep earthquakes [Wiens and Gilbert, 1996] 
(1.0) 31 ± 3 13 ± 1 a M 0 is the seismic moment, v r is the rupture velocity, S is the rupture area (length L Â width W ), Ás is the static stress drop, D is the average dislocation, a || is the rupture extent parallel to the strike of the Wadati-Benioff zone, and a ? is the rupture size perpendicular to the dip direction of the downgoing plate; a ? for the 1997 Peru event has been estimated using a dip angle for the Nazca plate of 13° [Jarrard, 1986] . Values in parantheses were derived for an assumed fault width. The hypocentral parameters are given in Table 1. subduction zones by local seismic networks, which are not yet available.
Conclusions
[50] The rupture processes of six large (M w > 7.0) earthquakes in the depth range between 112 and 277 km were investigated using waveform-matching techniques and master event analysis of multiples events. Broadband seismograms were employed to deduce the source-time functions of these events and their spatial extent. The inferred source parameters were used to constrain seismogenic models proposed for intermediatedepth earthquakes.
[51] The investigated intermediate-depth events are characterized by a complex pattern of multiple shocks as a function of spatial position and distribution of moment release with time. Some events started with a period of relatively small moment release lasting 1 to 2 s followed by the main episode of moment release. The significance of the small ''precursor'' is not clear. It may act as a trigger for the large moment release to follow. Estimated rupture velocities for the investigated events range from 2.5 to 4 km/s; that is, they reach 40 -90% of the shear velocity at the source. Four of the six earthquakes show stress drops in the range observed for shallow events (1 -10 MPa).
[52] The results suggest that rupture during large intermediatedepth earthquakes propagates predominantly parallel to the strike of the subducting plate. The seismogenic zone perpendicular to the dip direction is limited to a narrow width generally smaller than $15 km. The relatively small size of the rupture perpendicular to slab dip suggests that the rupture process does not extend into regions of significantly different temperatures. The spatial extent of the earthquakes investigated is consistent with the orientation of trench-parallel faults observed in near-trench/outer rise regions of subduction zones. Our study provides further support that intermediate-depth earthquakes result from reactivation of such preexisting faults through dehydration of hydrous minerals concentrated in these zones of weakness. The observed rupture extent up to $13 km perpendicular to slab dip is larger than the average thickness of the oceanic crust. The foci of some events may be located in the deeper regions of the subducting slab, possibly in the former mantle of the downgoing lithosphere. Dehydration embrittlement as a possible mechanism for intermediate-depth earthquakes predicts earthquake locations both in the crust and upper mantle of subducting oceanic lithosphere. It seems unlikely that hydrous phases are stable in the oceanic crust at greater depths, beneath $150 -200 km. Therefore ''crustal'' locations of intermediatedepth earthquakes can be expected only above this limiting depth. However, dehydration embrittlement by the breakdown of the relatively stable hydrous minerals in the oceanic mantle could explain the occurrence of earthquakes also at greater depths. Depths of most of the intermediate-depth earthquakes studied are consistent with the dehydration embrittlement of serpentine. The Bolivian event of 23 January 1997 seems to be too deep (h = 277 km) for such an explanation.
